2H-Pyrans are important core units in a number of natural products 1 and also in photochromic materials. 2 The molecules bearing 2H-pyrans have a variety of interesting biological activities and potential medical applications.
3 2H-Pyrans were prepared earlier using piperidine or BF3-Et2O as a catalyst. 4 We have been developed the methodologies for the synthesis of 2H-pyrans through indium(III) chloride-or EDDA-catalyzed formal [3+3] cycloaddition as a Lewis acid 5 or a Brønsted acid and base catalyst. 6 Later, novel approaches for the synthesis of 2H-pyrans were also developed by other groups using TiCl4, and In(OTf)3 Lewis acids as a catalyst 7 and phosphoric acid as a Brønsted acid catalyst. 8 Although several synthetic approaches for constructing 2H-pyrans derivatives have been reported by us 5, 6 and other groups, 7, 8 more simple and cost-effective approaches are still demand because of their importance.
Recently, iodine has been received considerable attention as an inexpensive and readily available catalyst for various organic reactions.
9 Iodine-catalyzed Suzuki-Miyaura coupling reaction, 10 dehydration of tertiary alcohols to alkenes, 11 esterifications, 12 transesterification, 13 acetylation, 14 protection 15 or deprotection 16 of acetals, N-Boc protection of amines, 17 and Michael addition 18 were described by many groups. Iodine-catalyzed and -mediated syntheses of benzyl alkyl ethers, 19 benzothiophenes, 20 bis-indols, 21 β-keto enol ethers, 22 chalcones, 23 quinolines, 24 and isoquinolines 25 were already reported. However, iodine-catalyzed formal [3+3] cycloadditon of 1,3-carbonyls to α,β-unsaturated aldehydes to afford 2H-pyrans has not been examined. We report herein a convenient and efficient one-pot synthesis of 2H-pyrans by a domino Knoevenagel/6π-electrocyclic reaction. As shown in Scheme 1, the crucial strategy that we have developed begins with reactions of cyclic 1,3-dicarbonyls to α,β-unsaturated aldehydes in the presence of iodine as an inexpensive and readily available mild catalyst.
Reaction of dimedone (1) with 3-methyl-2-butenal in the presence of 20 mol% of iodine using several solvents first investigated (Table 1) . The best yield (94%) was obtained in refluxing methylene chloride for 24 h. Other solvents included in toluene (reflux, 24 h, 75%), DMF (100 o C, 24 h, 47%), and acetonitrile (reflux, 24 h, 40%). In this reaction, we found that iodine (94%) was the much superior catalyst for this cyclization than indium (III) chloride (53%), 5 phosphoric acid (73%), 8 and PPTS (59%). 8 The formation of 2 was readily confirmed by the observation of a carbonyl absorption of enone in the IR spectrum at 1651 cm -1 and the expected chemical shifts associated with two vinylic protons on 2H-pyranyl ring at 6.40 (10.0 Hz) and 5.24 (10.0 Hz) ppm in the 1 H NMR spectrum. Next, additional reactions of cyclic 1,3-dicarbonyls with 3-metyl-2-butenal and 1-cyclohexene-1-carboxaldehyde were attempted. The results are summarized in Figure 1 . Reactions of 1,3-cyclopentanedione and 1,3-indandione with 3-methyl-2-butenal in the presence of 20 mol% of iodine afforded 2H-pyrans 3 and 4 in 66 and 84% yields, respectively. Treatment of 1,3-cyclohexanedione and 5-phenyl-1,3-cyclohexanedione with 3-methyl-2-butenal gave 5 and 6 in 70 and 90% yields, respectively. Similarly, reactions of 3-hydroxy-1H-phenalen-1-one, 4-hydroxycoumarin, and 4-hydroxy-6,7-dimethylcoumarin with 3-methyl-2-butenal afforded 7∼9 in 90, 99, and 60% yields, respectively. Compounds 8 and 9 have been clearly shown to be angular by their spectral analysis and by comparison with reported data in the literature. 26 In addition, in the case of 1-cyclohexene-1-carboxaldehyde with a ring system, the expected pyrans 10∼13 were also produced in 61, 70, 99, and 80% yields, respectively.
Although the exact mechanism of the reaction is still not clear, it is best described as shown in Scheme 2. Iodine first activates carbonyl oxygen of 3-methyl-2-butenal to give iodine-aldehyde complex and thus increase the electrophilicity of carbonyl carbon of aldehyde. 27 The dimedone (1) then attacks activated aldehyde to yield intermediate 14, which is dehydrated on heating to give other intermediate 15. 27 The intermediate 15 further undergoes 6π-electrocyclization to give cycloadduct 2. 7 As an application of this methodology, the syntheses of pyranoquinolinone alkaloids such as flindersine (18), N-methylflindersine (19) , haplamine (20) , and N-methylhaplamine (21) were investigated. Flindersine (18) and N-methylflindersine (19) have been primarily isolated from Rutaceous plants, Fagara heitzii, 28 Geijera balansae, 29 Haplophyllum saveolens, 30 Atalantia roxburghiana, 31 Micromelum minutum, 32 and Zanthoxylum coco. 33 Haplamine (20) was isolated from Haplophyllum acutifolium, 34 H. perforatum, 35 and H. sieversii. 36 The extracts of this plant have shown to possess cytotoxic, 35 antifungal, 36 and antimicrobial 37 activities. N-Methylhaplamine (21) was isolated from Agathosma barosmaefolia. 38 As shown in Scheme 3, reaction of 4-hydroxy-2(1H)-quinolone (16) with 3-methyl-2-butenal in the presence of 20 mol% of iodine at reflux in methylene chloride for 24 h gave flindersine (18) in 65% yield. Similarly, treatment of 17 with 3-methyl-2-butenal afforded heplamine (20) in 70% yield. Spectral data of synthetic 18 and 20 are in agreement with those reported in the literature. 36 Treatment of 18 and 20 with methyl iodide under K2CO3 in DMF gave N-methylflindersine (19) and N-methylheplamine (21) in 89 and 90% yields, respectively. 34, 38 In summary, iodine-catalyzed reactions of a variety of cyclic 1,3-dicarbonyls with 3-metyl-2-butenal and 1-cyclohexene-1-carboxaldehyde are carried out in refluxing methylene chloride to yield the 2H-pyrans. This methodology has been applied to the synthesis of biologically interesting and naturally occurring pyranoquinolinone alkaloids such as flindersine (18), N-methylflindersine (19) , haplamine (20) , and N-methylhaplamine (21) in moderate yields. RTI04-01-04 from the Regional Technology Innovation Program of the Ministry of Knowledge Economy (MKE).
Experimental
General Procedure for the Synthesis of 2H-Pyrans. To a solution of cyclic 1,3-dicarbonyl compound (1.0 mmol) with 3-metyl-2-butenal or 1-cyclohexene-1-carboxaldehyde (2.0 mmol) in methlene chloride (10 mL) was added iodine (51 mg, 0.2 mmol) at room temperature. The reaction mixture was refluxed for 24 h and then cooled to room temperature. Evaporation of solvent and purification by column chromatography on silica gel give products. 2,3,4,5,6,7,8,10a-Octahydro-xanthen-1-one (10 35 Methyl iodide (85 mg, 0.6 mmol) in DMF (1 mL) was added to a solution of 18 (114 mg, 0.5 mmol) and potassium carbonate (345 mg, 2.5 mmol) in DMF (10 mL). The reaction mixture was stirred at room temperature for 10 h. The solvent was evaporated under reduced pressure. The residue was treated with water (30 mL), acidified with 2 N HCl solution (20 mL), and extracted with ethyl acetate (50 mL × 3). The combined organic layers were washed with brine (30 mL), dried over MgSO4, filtered, and evaporated under reduced pressure. 
